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Parabolic reflectors, also known as parabolic troughs, are widely vsed in solar thermal power plants. This
kind of power plants is usvally located on desert climates, where the combined action of wind and dust
can be of paramount importance. [n some cases it becomes necessary to protect these devices from the
joined wind and sand action, which is normally accomplished through solid windbreaks. [n this paper the
results of a wind tunnel test campaign, of a scale parabolic trough row having different windward wind-
breaks, are reported. The windbreaks herein considered consist of a solid wall with an upper porous
fence. Different geometrical configurations, varying the solid wall height and the separation between
the parabolic trough row and the windbreak have been considered. From the measured time series, both
the mean and peak valves of the aerodynamic loads were determined. As it would be expected, mean
aerodynamic drag, as well as pealk values, decrease as the distance between the windbreak and the par-
abolic increases, and after a threshold value, such drag loads increase with the distance,
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1. Introduction

Cne of the most promising options to substitute the increasing
demand of conventional energy is the solar thermal power plant.
The collected solar energy can be used either to generate electricity
or to water desalination, amongst other related applications. Con-
verting solar energy into electricity can be performed by convert-
ing the direct radiation to thermal energy by means of solar
collectors or concentrators, carried by working fluid to a conven-
tional process of electricity generation. In this case, parabolic
reflectors in a trough configuration are normally used. Parabolic
troughs collectors (PTC) are the most proven and mature solar
thermal technology, giving rise to parabolic-trough power plants
{or solar farm). A solar farm is composed of a large field of PTC, a
heat exchanger block and a conventional turbine-generator sys-
tem. Solar fields comprise rows of PTC aligned north-south which
can track sun direct radiation during the day.

Since the beginning of its commercial use in the eighties {be-
tween 1984 and 1991 nine power plants with an overall capacity
of 354 MW have been installed in the Mojave Desert in California),
a renewed interest in concentrating solar power has rapidly grown
worldwide. A complete overview of the parabolic-trough collectors
that have been built and marketed during the last decades, the pro-
totypes currently under development, and a survey of systems
which could incorporate this type of concentrating solar system
for electricity generation can be found in Kalogirou [1], Ferndn-
dez-Garcia et al. [2] and in Siva Reddy et al. [3].

Siva Reddy et al. [ 3] and Timilsina et al. [4] agree in that, despite
the intense development of this technology, even today the cost
per kKW of solar power is higher and the overall efficiency of the
systemn is lower. Nevertheless, they show that the cost of solar
power may become competitive very socon. As stated in Geyer
et al. [5], one of the cost reductions potential is the simplification
of the design, which includes the optimization of the structure.
Due to the typical location of the solar farms and its geometrical
features, they are subject to high loads caused by the wind. So, to
achieve this optimization it is necessary to reduce uncertainty in



the knowledge of the wind loads over the PTCs and seek methods
of reducing them (among other things, of course). But, as Zemler
et al. [6] mentioned, there are very little reliable work done to
investigate the forces of the wind on parabolic solar collectors.
Studies concerning wind effects on full scale solar troughs are
scarce and limited |7], although some attempts have been made
to study wind loads on solar collectors by means of wind tunnel
testing like Lipfert et al. [8], Hosoya et al. |9] and Rheem et al.
[10], or by numerical simulations, like Naeeni and Yaghoub [11],
Christo [12], Hachicha et al. [13] and Zemler et al. [G].

Wind tunnel measurements show that the solar collector field
of a full size plant could be divided into three different wind load-
ing zones: the wind-shadowed inner field area with approximately
95% of the total solar collector elements, the transient area (close
to the edges of the field) with about 2.5% and the high wind loaded
edges and rim areas where about 2.5% of the total solar collectors
are located |8|.

On the other hand, since parabolic-trough collectors are based
on the concentration of the solar radiation to achieve high temper-
atures necessary for the thermo-dynamic power plant process,
their application areas are restricted to Earth regions with high di-
rect solar radiation. Initiatives dealing with large solar collector
plants in countries all along this sunny belt have been reported:
Mediterranean countries [14,15], Alger [16], Tunisia [17], Jordan
[18], Arabia [19], Iran [20]| and Pakistan [21], among others. Arab
countries also belong to such regions and represent therefore po-
tential areas for the application of solar energy for electricity gen-
eration |22]. Therefore, the most suitable locations seem to be the
desert-like regions close to the Earth equator and other neighbor-
ing regions. This implies that solar farms are additionally exposed
to large amounts of dust, which affects the efficiency and deterio-
rates the mechanisms, among other problems. Sarver et al. [23]
provides a comprehensive overview of problems associated with
dust conditions that are inherent to the mentioned regions.

For security reasons, parabolic-trough solar plants are usually
enclosed with fences made of wire mesh. In most cases a standard
grid fence is enough to meet all the protection and operational
requirements; and they perform a function of windproof barrier
and dust protection as well. Moreover, mainly in sandy places like
deserts, the grid fences are substituted by a solid wall with a por-
ous fence on its top.

The aerodynamic action of a fence is explained by considering
that a fence exerts a drag force on the wind field, causing a net loss
of momentum in the air flow, thus creating a sheltering effect. In
the case of low porosity fences (porosity, ¢, is the ratio of the fron-
tal open area of porous fence to the frontal area of fence, so that
¢ =0 means a solid wall), a large region of separated flow in the
lee of the fence is created, provided the porosity is below a certain
value. For a solid fence this separation region can be approximated
to a triangular zone extending from the top of the fence, whose
height is h, to the ground at a distance around 7.5 times the fence
height, depending on the turbulence intensity [24,25]. The more
solid the fence, the stronger is the turbulence in the separation
bubble and the steeper the return of the displacement flow to
the ground at its downstream reattachment point. As porosity
increases, the separation bubble diminishes in size and moves
downstream. The separation bubble disappears at ¢ = 0.35. The
type of porosity has an effect only in the very near wake, less than
2.5 times the fence height (g). The influence of porosity in the far
wake is negligible even for low porosity fences.

Aiming to get some insight on the aerodynamic interaction
between the fence and the parabolic trough, a set of wind tunnel
experiments has been performed. Wind loads on a model of
standard parabolic trough have been measured under different up-
stream conditions. The height of the solid wall (SW), the height of
the porous fence (PW) placed on top of the solid wall and the
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Fig. 1. Sketch of the model for wind tunnel measurements. PT) parabolic trough, (A}
supporting arms, (B) six-axes balance, (PW) porous fence, (3W) solid wall. The
nomenclature used to define this configuration is: parabolic trough chord, ¢, height
of the solar collector axis, a, distance from the parabolic trough axis to the
windbreal, d, height of the solid part of the windbreak, h, height of the porous part
of the windbreak, g, angle of attacl, «
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distance between the fence and the PTC (d), have been modified
in order to obtain different configurations (Fig. 1). Since real para-
bolic troughs are immersed in the atmospheric boundary layer,
where the incident flow is non-uniform and highly turbulent, wind
actions on the solar collectors are time dependent. Therefore, the
aerodynamic tests have been performed in a wind tunnel where
the atmospheric boundary layer can be simulated.

In the following section the experimental setup and procedures
are described. Experimental results are presented in Section 3, and
the conclusions are outlined in Section 4.

2. Experimental setup and procedures

Experiments were performed at the ACLA16 atmospheric
boundary-layer wind tunnel of IDR/UPM. This is a low-speed
closed return wind tunnel with a closed test section, which has a
squared cross section with 2.2 m side length and 17 m length
(Fig. 2). The wind tunnel is driven with 16 fans, 7.5 kW each one
(the total power is 120 kW). The wind speed is controlled electron-
ically by means of a variable frequency drive, and flow velocities up
to 30 m/s can be attained.

To reproduce the appropriate scaled turbulent boundary layer,
part of the test section is covered with suitable roughness ele-
ments. The resulting boundary layer simulates approximately an
open terrain type as defined in ASCE 7-05 [26]; in which the vari-
ation of wind speed, U, with the height over the terrain, z, is repre-
sented by the power law U{2) oc Uyg(2/210)% where Uyg is the mean
velocity at zjp=10m, and 2z =2/13. The longitudinal turbulence
intensity is defined as I,(z) x (z,0/z)", with b=1/6. The variation
of both, the time-averaged velocity and the turbulence intensity,
with the distance to the ground is represented in Fig. 4. In the same
plot, the values as given by the ASCE 7-05 [26] boundary layer
model are plotted with solid lines. Moreover, Fig. 5 shows the re-
duced power spectral density (PSD) of turbulent fluctuations as a
function of Monin coordinate, determined at the height which cor-
responds to z;q. Also, the Kaimal's model of PSD is plotted in the
same figure, It can be concluded that the flow in the test chamber
reproduces satisfactorily the inertial sub-range atmospheric turbu-
lent fluctuations. This wind profiles were measured with a hot-
wire anemometry equipment (Dantec Dynamics CTA 90C10 and
a 55p16 probe) and a linear stage. For each z coordinate, measure-
ments were carried out at a rate of 2 kHz during a sampling time of
120s.
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Fig. 2. ACLA16 boundary layer wind tunnel top and front views, E1 and E2, test section; R, return circuit; V, fans; D, diffuser; and C, contraction,

Fig. 3. Parabolic trough and windbreak models used in the experimental campaign.
Roughness elements placed upstream of the model are used to generate the
atmospheric boundary layer.
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Fig. 4. Variation with the dimensionless height over the terrain, hfhg, of the
dimensionless mean wind velocity profile, U{Uy (open circles) and the dimension-
less turbulent intensity profile, [,/fo (closed circles) measured in the ACLA16 wind
tunnel. The subscript 0 indicates reference values at 10 m height at real scale.
Theaoretical profiles corresponding to open terrain as given in ASCE 7-05 [26] are
also shown (solid lines).

The test model consists of a row of collectors with five parabolic
trough modules placed downstream the roughness elements, as
shown in Fig. 3. The geometrical scale is 1/45. This scale has been
selected looking for a good relation between the size of the model
and the blockage in the test chamber. Each model consist of a par-
abolic trough, made with a 3D printer (stereo-lithographic tech-
nique), and two supporting arms. The thickness of the supporting
arms is around 1 mm. Each parabolic trough is anchored to the

arms by its rotating axis by a very simple mechanism, which al-
lows the rotation of the parabola at any angle of attack. Supporting
arms are fixed to a base plate made of aluminum, which in turn is
fixed to a 6-axes load cell {AMTi instruments, model HE6x610) lo-
cated just below the wind tunnel floor {actually, the whole exper-
imental setup is mounted on a vertical wall of the ACLA16 wind
tunnel, to facilitate its handling and manipulation). The upper sur-
face of the base plate is at the same level than the surrounding
floor, z = 0. As can be seen in Fig. 3, five load cells were used, so that
wind loads on the five trough models of a row were measured
simultaneously. The weight of the whole model (parabola, arms
and base plate) is low enough to avoid inertial effects during wind
load measurements and its first natural frequency is larger than
42 Hz. Since the aim of this work is to evaluate the effects of up-
stream wind barriers on the aerodynamic loads acting on the first
row of a solar plant model, only one row of troughs has been
considered, as well as only one value of the yaw angle (the wind
is perpendicular to the row of troughs) and one value of pitch an-
gle, »=0° Roughly speaking, that configuration corresponds to
critical conditions in which the maximum drag is reached. Testing
of others configurations are left for future works.

It must be stressed that the measured wind loads include not
only the effects on the parabolic surface, but also the effects on
the supporting arms. However due to the small area exposed to
the wind, their contribution to the total measured loads is small
compared to the loads acting on the parabolic surface. Roughly
speaking, the ratio of these loads is proportional to the ratio of
wind exposed areas, which is less than 0.003.

Several types of windbreaks have been considered. As sketched
in Fig. 1, a typical windbreak consists of a solid wall placed at the
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Fig. 5. Reduced power spectral density of turbulent fluctuations as a function of
Monin coordinate, determined at the height corresponding to 2y, (continuous line).
The Kaimal's model of PSD in dashed line.



windward side of the wind barrier and a porous fence placed just
behind, in the leeward side. Solid walls are made of wood, with
heights varying from 0% of the parabola’s chord, ¢, to 60% of ¢ at
20% steps. Porous fences are made of a commercial plastic mesh
with 50% porosity, two heights have been considered, namely
56% and 80% c. With this configuration the porous fence can be
more or less covered by the solid wall, The values of the different
geometrical parameters are summarized in Table 1. In this table
all lengths are made dimensionless by using the parabola’s chord
as characteristic length. In addition to the different windbreaks
configurations, several distances from the wind barrier to the par-
abolic trough row were tested; these distances were d=n-c,
where n=1,2,...7. Note that a clean configuration (without any
wind barrier) has been measured, as well.

A Pitot static tube has been placed at the end of the roughness
elements zone at a height of 222 mm over the model floor, which
corresponds to a height of 10 m at full scale. In order to determine
the reference dynamic pressure, the Pitot tube has been connected
to a Druck LPM9381 differential pressure transducer. The instru-
mentation is completed with a computer and a 16 bit A/D board
from National Instruments {model Compact DAQ System NI
9205), which acquired the analog outputs of the load cells and
the pressure transducer. Measurements were recorded at a sam-
pling rate of 200 Hz during 236 s. The sampling rate was selected
taking into account the expected frequency of vortex shedding at
the maximum wind tunnel speed (about 10 Hz), and the sample
period has been determined considering the time scale of the test,
and to have at least, an equivalent period of 40 min at full scale.

Even in the worst case the blockage ratio of the model section to
the working cross-section of the test chamber was smaller than
0.06 (considering either the parabolic trough or the wind barriers),
so that no provisions for blockage correction were undertaken, The
Reynolds number based on parabola’'s chord, ¢, was about
2.5 x 10°. According to Larose and D'Auteuil [27], this Reynolds
number is the best trade-off to fulfill blockage corrections and to
avoid results dependency on Reynolds number.

In a real solar-trough farm, since the design criteria is to avoid
the shadowing of the different parabolic mirrors during the sunny
hours, the distance between rows is driven by the local latitude.
According to this criterion, a typical separation between rows is
about d = 3¢, and the distance between external rows and perime-
ter fences should be similar. In wind tunnel tests, as already stated,
the distance from the perimeter to the first row has been varied in
therange 1 <d/c< 7.

3. Results and discussion

Experimental measurements have been analyzed by following
the standard procedures used when wind loads measured in wind
tunnels with simulated atmospheric boundary layer are considered

Table 1

WValues of the dimensionless parameters defining the test configurations: b, g, and d,
where h is the solid wall height, g the height of the porous fence placed behind the
solid wall, and d the horizontal distance from the windbreak to the axis of the
parabolic trough, expressed as percent of the solar collector chord, ¢. In the table the
first two digits gives 100 - hic, whereas the second group of two digits represents
100-g/c. The distance between the parabolic row and windbreak is d =n-c¢, with
n=1,2,3,...7. The configuration 00-00 corresponds to a solar trough without any
upstream windbreak.

hie
00% 208 A40% 608
gjc
00 00-00 60-00
56% 00-56 20-56 40-56
80% 00-80 20-80 40-80 60-80

|26]. Since the uncertainty is inversely proportional to the root
square of the number of samples (N = 4.72 x 10*), this criterion ap-
plies for the reported mean values of the aerodynamic loads,
whereas the uncertainty of the instrumentation is an upper limit
for the uncertainty of peak loads.The experiment outputs were
the time series of the dynamic pressure in the wind tunne] test
chamber, q_,(t) = pU (t)/2, and the six components of the aerody-
namic loads. Although in the following only the drag force, D(t), the
lift force, L{t) and the pitching moment at the parabola
foundations, M(t), are considered. From these magnitudes, the
aerodynamic drag coefficient, ¢cp(t) = D(£)/{g..(t) - S), lift coefficient,
() =L(t)/(g..(t)-S), and the pitching moment coefficient,
() = M(t)/(g..(t) - S- c), were determined. In the above expres-
sions, S the frontal area of the parabolic trough, S=c- b, where b
is trough's width a c its chord (see Fig. 1).

Although wind loads were measured in the five solar trough
models forming the test row, in the following only results corre-
sponding to the central module are considered. It had been ob-
served that the results for the three central modules are almost
the same, independently of their position within the row. This
means that such modules behave as a two-dimensional
configuration.

The aerodynamic coefficients determined in the reference
configuration (without any wind barrier, configuration 00-00 in
Table 1) are presented in Table 2. These results are in concordance
with the ones obtained by Christo |12| and Hosoya et al. [9] for
similar configurations.

In order to appreciate the effects of the wind barriers on the
aerodynamics loads, Figs. 6 and 7 show the variation of the
reduced mean load coefficients and the corresponding reduced
standard deviations with the dimensionless distance, dfc. That
means that every mean coefficient was divided by the correspond-
ing values obtained without any windbreak in front of the solar
collectors (configuration 00-00 in Table 1).

In Fig. 6 it can be observed the influence on the aerodynamics
loads of a solid wall alone {configuration 60-00), a porous wind-
break alone {configuration 00-80), and the combination of the
two previous windbreaks {configuration 60-80). Also, the results
for different heights of the solid wall for the same porous wind-
breaks are presented. Fig. 7 shows similar plots but for g/c = 56%,

It can be observed that all the windbreak configurations signif-
icantly reduce the mean values of the aerodynamics forces and
moment, and that the effect of load reduction is lost as the dis-
tance between the fences and the parabolic troughs increases. It
could be expected that, at some distance greater than 7 dfc, the
effect of the wind barriers completely disappears. At dfc=1 the
decrease of the mean load is somewhat lower. In fact, for some
configurations the reduced lift coefficient becomes greater than
one. So, when the fences are at dimensionless distances d/c be-
tween 2 and 4, the mean loads are minimum. This behavior is
similar for any wind barrier configuration. This effect is due to
the complex interaction between the wake of the windproof bar-
rier and parabolic collector. When walls are located close enough
to the trough, either with or without meshes on the top, it reduces
the flow velocity at the bottom part of the parabola and increases
it at the top.

Table 2
Mean aerodynamic load coefficients and its corresponding measured standard
deviation for the 00-00 configuration (see Tzble 1).

Mean value Standard deviation
cn 143 0.202
(=3 0.14 0.036

Cat 0.70 0102
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Fig. 6. On the left column, variation of the mean aerodynamic load coefficients (ep, ¢; and cy) with the dimensionless distance, dfc. On the right column, the corresponding
standard deviation of the measured time series. Symbols identify the windbreal: configurations.

Regarding the standard deviation, note that in all cases it in-
creases as dfc does and, for certain configurations, it becomes even
larger than the value corresponding to a trough without wind bar-
riers. In this sense, the worst case corresponds to the solid wall
alone (configuration 60-00) and the best one corresponds to the
porous windbreak alone (configuration 00-80). Such behavior is a
consequence of the interaction between the turbulent wake
{caused by the solid wall) and the parabolic trough. When grids
are added on top of the walls, the shear layer detached at the top
of the walls is smoothened. The grid diminishes the turbulence
intensity past the wall and, consequently, standard deviation val-
ues also diminish. The smaller the solid wall, the smaller the recir-
culation bubble and the effects of the turbulence are mitigating by
the porous fence, resulting in smaller standard deviations. When
the size of the solid wall is increased, the recirculation bubble size

increases, its effects is not totally mitigated by the porous fence
and the turbulence generated by the shear layer is reflected in
the standard deviations.

From the design point of view, the increase of the standard
deviations of the loads is an undesired effect, because it could re-
sult in greater load peak values. Also, greater standard deviations
imply that the aerodynamic loads have greater amplitude Auctua-
tions, which is not desirable from the standpoint of fatigue
phenomena.

The peak load values for Gaussian process can be determined as
the mean values plus the standard deviation multiplied by the
peak factor, k, that is: Cppeak=Cptk-Gep Copeax=CLH k-G,
a1 peak = Cm + k-Op: Whete k depends on the natural frequency of
the structure and the considered time interval [28,29]. Fig. 8 shows
the peak load values obtained in this way, considering a peak factor



00-56

n6r

04r

e

02r

i

Fig. 7. On the left column, variation of the mean aerodynarnic load coefficients (cp, ¢ and o) with the dimensionless distance, dfc. On the right colurnn, the corresponding
standard deviation of the measured time series. Symbols identify the windbreak configurations.

k = 3.5, just for configurations 00-80, 60-00 and 60-80. The peak
load coefficient curves present a minimum at distances between
dfc =1 and dfc = 3, this behavior being almost the same indepen-
dently of the wind barrier configuration, but the most efficient is
the configuration 60-80. So, it can be concluded that it is possible
to reduce the wind loads over the front row of a parabolic troughs
plant up to 60%, with an adequate selection of windbreaks
configuration.

Summarizing, the flow past a windbreak is driven by boundary
layer separation at the windbreak, provided its porosity is low en-
ough. In the case of a solid wall, boundary layer separates at the
upper windward edge of the windbreak and the resulting shear
layer reattaches at a given distance, forming a recirculation bubble
downstream the wall. On the other hand, if the porosity is high

enough the recirculation bubble is swept downstream and the
reattachment phenomenon does not occur. In the former case a
wide wake downstream the windbreak is formed due to boundary
layer separation, the height of the separation point over the floor
increasing as the parapet height increases, and the vertical distance
of the shear layer to the floor increases accordingly. For some val-
ues of the parameters gfc, h/c and dfc the resulting shear layer
reach the parabolic trough, therefore increasing the turbulence
intensity at the parabolic mirror, and thus the peak aerodynamic
loads. In a solid wall with a grid fence on its top, since the intensity
of the wind velocity over the recirculation bubble is decreased be-
cause of the porous grid, it could expect a smoothened shear layer,
thence a decrease of the turbulence intensity of such shear layer
when impinges on the solar collector.
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Fig. 8. Variation of the peak aerodynamic loads {(cp, ¢ and ¢y} with the
dimensionless distance, d/c.

4. Conclusions and future works

In sandy areas, the use of windbreaks consisting of a solid wall
with a porous fence on top of the solid wall is recommended be-
cause these configurations protect the mirrors against the dust
and facilitates the removal of accumulated sand in the windward
of the barrier. The influence of this kind of windbreaks on the aero-
dynamic loads acting on the solar troughs closest to the windbreak
has been analyzed through wind tunnel tests.

As it is expected, any configuration of wind barrier reduces the
mean aerodynamics loads over the PTCs. However, with the
appropriate selection the parameters g/c, h/c and d/c it is possible
to reduce the aerodynamics loads (mean and peaks values) up to
60% over the first row of PTCs {which are the most loaded ones

(81).

Under these conditions it is possible to design an optimized
PTC’s supporting structure, and therefore, advance in the searched
cost reduction. Nevertheless, for some configurations and distances
dfc > 5, the shear layer produced by the windbreak reaches the par-
abolic trough, resulting in higher peak values of the aerodynamic
loads.

Nowadays, additional wind tunnel tests are running with the
aim to evaluate the effect of these particular windbreaks on the fol-
lowing rows and for different angles of incidence of the wind and
different angles of attack of the PTC.
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